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SUMMARY 
Atom loca t ions  on planes of i d e a l  c r y s t a l s  i n  face-centered-cubic, body- 
centered-cubic, sodium chloride,  diamond, and zinc-blende s t ruc tu res  were ob- 
t a ined  on an IBM 7090 computer by quantizing t h e  vector  equation of a plane 
whose or ien ta t ion  i s  described by the  Mi l le r  indices .  The p lo t t i ng  of solu- 
t i o n s  r e s u l t s  i n  an orthographic pro jec t ion  of t h e  respect ive surface plane and 
severa l  p a r a l l e l  planes immediately adjacent.  Surface density, in te rp lanar  
distance,  number of nearest  and next nearest  neighbors and t h e i r  locations,  
nearest  surface neighbor distance,  and displacement vector a re  calculated from 
t h e  atom posi t ions.  
INTRODUCTION 
Mapping of atom loca t ions  on atomically smooth i d e a l  c r y s t a l  planes i s  
necessary i n  surface studies,  espec ia l ly  f o r  s e t t i n g  up and t e s t i n g  t h e o r e t i c a l  
models of e p i t a x i a l  growth, and of surface adsorption, desorption, diffusion,  
and emission. The complexity of geometric mapping methods increases  with the  
plane index i n  question, and complexity increases  t h e  p o s s i b i l i t y  of error .  
It i s  t h i s  complexity and p o s s i b i l i t y  of e r r o r  i n  mapping some cubic crystal 
planes t h a t  prompted t h e  work reported herein. An extension of t h i s  program 
t o  t h e  ca lcu la t ion  of o the r  geometric parameters not mentioned i n  t h i s  re- 
po r t  and t o  o ther  c r y s t a l  s t ruc tu res  (e.g., cesium chloride,  calcium f luo-  
ride, e tc . )  i s  f a c i l i t a t e d  by t h e  thorough treatment of t h e  fundamental equa- 
t ions.  
P l o t t e r  programming w a s  done by Grant Carrington through the  courtesy of 
Robert Danek, both of Programming Methods Section, D a t a  Systems Division, 
Goddard Space F l i g h t  Center. 
CALCULATION PROCEDURE 
A vector  equation of a plane i s  wr i t t en  i n  terms of t h e  in t e rcep t s  of t h a t  
I I1 I 
plane w i t h  t h ree  r e c t i l i n e a r  coordinates; t he  in t e rcep t s  are rec iproca ls  of t h e  
Mi l le r  ind ices  
- r = M u ( 1  - s - t )  + Msv - - -  + M t w  ( 1 . 3 )  
where 121, 1x1, and IwI  a r e  l/h, l/k, and 1/2, respect ively,  s and t a r e  
f r ac t ions  of t he  t o t a i  l ength  of Iv - -  - uI and 1; - 21, respect ively,  and M 
a mul t ip l i e r  t h a t  expands the  area of t h e  plane i n  question. ( A  de t a i l ed  der i -  
vat ion of a l l  equations used i n  the  program appears i n  appendix A, and the  sym- 
bo l s  a re  defined i n  appendix B . )  
i s  
For zero-index planes 
r = M u ( 1  - s )  + Msv + M t w 1  - - - (1.3-0) 
Four s e t s  of s e l ec t ion  rules ,  one each f o r  face-centered-cubic, body- 
centered-cubic, diamQnd, and sodium chlor ide s t ruc tures ,  a r e  wr i t ten  t h a t  lo- 
ca te  atom s i t e s  i n  the  pos i t i ve  octant  of t he  coordinate system. 
SELECTION RUIES 
For face-centered-cubic s t ructures ,  
For body-centered-cubic s t ruc tures ,  
h 
r = n i i i  - 
- r = ($ + ni)Zi 
where ni = no 
i 
l h  r = - niii 2 - 
i 
For diamond and zinc-blende s t ruc tures ,  
where c $ n i  = no 
i 
where (++ 7 1 ni) = 3 -I- no 
Solutions for t he  zinc-blende s t ruc tu res  a r e  i d e n t i c a l  t o  solut ions for 
t he  diamond s t ruc tu res  except tha t ,  i n  t h e  zinc-blende s t ructures ,  t he  A and B 
type so lu t ions  represent  two d i f f e ren t  elements, whereas i n  diamond s t ruc tu res  
they represent  the  same element. 
2 
For sodium chlor ide  s t ruc tu res ,  
where n i  = no 
i 
With t h e  Mi l l e r  i nd ices  as inpu t s  t o  t h e  f i r s t  equation, t h e  two equations a r e  
solved simultaneously on t h e  IBM 7090 computer by equating p a r a l l e l  components 
t o  see where atoms a r e  loca t ed  on a given plane. 
The atom pos i t i on  i s  read  out i n  terms of s and t, which a re  t r ans -  
formed i n t o  surface coordinates X and Y. From atom p o s i t i o n s  and t h e  a rea  
of t h e  surface p lo t ,  t h e  surface dens i ty  ps i s  ca lcu la ted .  O f  equal i n t e r e s t  
t o  t h e  surface p h y s i c i s t  a r e  t h e  next few l a y e r s  of atoms under t h e  surface 
plane, which ( e s p e c i a l l y  i n  t h e  case of higher index p lanes)  a r e  t r u l y  p a r t  of 
t h e  e f f e c t i v e  surface.  Their l oca t ions  with respec t  t o  t h e  surface coordinate 
system a r e  ca l cu la t ed  by adding t h e  appropriate vector 
surface and by solving t h e  r e s u l t i n g  equations as before.  
perpendicular t o  t h e  
For face-centered-cubic, body-centered-cubic, and sodium chlor ide  s t ruc -  
t u re s ,  ]d l  = ps/pv. For diamond and zinc-blende s t ruc tu res ,  
nd 
Id1 = - - - - - - - - - - -  1 / 2  
4(h2 + k2 + 2')
i s  l i s t e d  i n  t a b l e  I as values of g, and t h e  values 1 where - - - . 
4(h2 + k2 + 22)1/2 
f o r  nd a r e  l i s t e d  i n  t a b l e  V I .  
Geometric arrangements of surface atoms and a r ep resen ta t ive  number of 
underlying planes of atoms a r e  p l o t t e d  wi th  r e spec t  t o  t h e  surface coordinates, 
X and Y. Also, sur face  dens i ty  ps, i n t e r p l a n e r  d i s tance  13, number of near- 
e s t  neighbors CN1, number of next nea res t  neighbors CN2, nea res t  surface 
neighbor d is tance  S, and displacement vec tor  V, a r e  t a b u l a t e d  f o r  planes wi th  
Mi l l e r  i nd ices  inc luding  a l l  poss ib l e  combinations of 0, 1, 2, 3, or 4 f o r  t h e  
face- centFred- cubic, body-centered- cubic, sodium chloride,  diamond, and zinc- 
blende s t r u c t u r e s .  Also, included a r e  se l ec t ed  planes wi th  ind ices  up t o  7 
i n  t h e  body-centered-cubic and face-centered-cubic s t ruc tu res .  Planes i n  which 
t h e  nea res t  and next nea res t  neighbors a r e  loca t ed  are l i s t e d  i n  t a b l e s  I1 toV. 
A l l  c a l cu la t ions  a r e  performed i n  terms of t h e  l a t t i c e  constant 
they  m a y  be appl ied  t o  any c r y s t a l  i n  t h e  respec t ive  s t ruc tu re .  
- 
a. so t h a t  
3 
I 
This mathematically simple method i n  conjunction with the  e l ec t ron ic  com- 
puter  assures  accurate r e s u l t s  i n  every case and i n  an easily usable form. The 
methods reported here in  can be extended t o  any c r y s t a l  s t ruc tu re  with cubic 
symmetry (e.g., cesium chloride, calcium f luoride,  e tc .  ) by wr i t ing  the  appro- 
p r i a t e  s e l ec t ion  ru l e s .  
USE OF TABLES AND PLOTS 
The values of S/a and T/a are included i n  table I t o  allow the  reader  
t o  extend t h e  p l o t s  t o  any desired area and depth. A s  mentioned before, t he  
ca lcu la t ions  are ca r r i ed  out i n  u n i t s  of t he  l a t t i c e  constant ao; therefore ,  
i n  applying da ta  t o  a p a r t i c u l a r  c r y s h l ,  t h e  value of  a. must be in se r t ed  
2 appropriately ( f o r  surface densi ty  divide the  value by ao, f o r  a l l  o ther  pa- 
rameters i n  t a b l e  I mult iply by Both coordinates on p l o t s  a r e  a l s o  i n  
terms of ao. 
ao). 
Tables I1 t o  V ind ica te  t h e  number of neares t  and next neares t  neighbors 
any surface atom has and i n  which plane (counting from the  surface)  each one 
exists. For diamond and zinc-blende s t ruc tures ,  t h e  d is tance  between two ad- 
jacent  planes i s  not necessar i ly  a constant bu t  i s  some mult iple  of 
b l e  I) .  Table V I  i nd ica t e s  t he  mult iples  (na)  of d down f r o m t h e  surface a t  
which planes ex i s t .  One must be cautious i n  in t e rp re t ing  t a b l e  V f o r  t he  dia- 
mond and zinc-blende s t ruc tures .  The number of t he  plane i n  which a neighbor 
- i s  located, as l i s t e d  i n  t a b l e  V, ind ica tes  t h e  number of d ' s  down from t h e  
surface and not t h e  number of ex i s t en t  planes down. For example, i n  t h e  
110 diamond and zinc-blende s t ruc tures ,  two neares t  neighbors exist i n  t h e  
surface plane and one e x i s t s  Zd down from the  surface; t a b l e  I shows t h a t  2d 
down from the  surface i s  the  very next plane. I n  diamond plots ,  t he  symbols, 
of course, r e f e r  t o  the  Oth, lSt, Znd, e tc .  e x i s t e n t  plane from t h e  surface,  so 
it i s  necessary t o  use table V I  t o  determine 
d ( ta -  
d for each one of the  planes. 
Lewis Research Center 
National Aeronautics and Space Administration 
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APPENDIX A 
DERIVATION OF EQUATIONS FOR SUfiFACE ATOM LOCATION 
The general  equation of a plane i s  wr i t t en  i n  terms of t he  loca t ion  vector 
r from the  o r ig in  0 i n  r e c t i l i n e a r  coordinates. Sketch ( a )  shows plane ABC 
in te rcept ing  t h e  x-, y-, and z-axes a t  
- 
Y A, B, and C, respectively: 
(a) 
I 
121 = g  
AB = I v -  - 21 
CB = 12 - 
AC = 12 - ,uJ 
where 2, x, and represent d i rec ted  
dis tance along the  x-, y-, and z-axes, 
respect ively,  t o  t he  point  of plane-axis 
intercept ion.  Theref ore, 121 , 1 , and 
IwI -
Mil le r  ind ices  of a crystal lographic  
plane i n  the  cubic system hk2; t h a t  is, 
a l s o  represent  t he  rec iproca ls  of t h e  
I 
1 1 
= - k 1x1 = 7  
The loca t ion  vector 2 of any point  on plane ABC i s  given by 
- -  r = u +- s(_v - 2) + t (2  - 2) (1.1) 
where s represents  s ca l a r  dis tance along 2 - i, and t represents  s ca l a r  
dis tance along 2 - 2. Rearranging equation (1.1) gives 
- r =g(l - s - t )  + s v +  - t w  (1.2) 
For a zero-index plane (e. g., 310), t h e  in t e rcep t  w would be at inf in-  
i t y .  
12 - AC, which i n  t h i s  case i s  the  length  of a vector  p a r a l l e l  t o  the  z- 
axis  ( s ince  = W; - u i s  i n s i g n i f i c a n t ) ,  I n  t h i s  case, w E AC m a y  be  set  
equal t o  an a r b i t r a r y  f i n i t e  value conveniently l a rge  t o  a f ford  a representa- 
t i v e  plane. 
be mult ipl ied by a common f a c t o r  M 
spect ive plane and thereby includes a l a r g e r  number of solutions.  Because of 
t h e  varying shapes of t he  included areas  of each plane, M 
t he  respect ive plane. I n  t h e  f i n a l  form equation ( 1 . 2 )  i s  
This i s  t r ea t ed  by loolcing back at t h e  o r ig ina l  deyini t ion of t h e  vector  
I n  order t o  obtain a usable p ic ture  of any given plane, 2, 2, and w must 
t h a t  merely expands t h e  bounds of t he  re- 
i s  chosen t o  suit 
r = Mu(1 - s - t )  + Msv + Mtw - - - (1.3) 
5 
For zero-index planes, 
r = Mu(1 - s )  + Msv -I- M t 3  - - (1.3-0) 
where W-J 
i s  p a r a l l e l  t o  t he  axis whose index i s  zero. 
wr i t t en  
i s  a vector  whose length  i s  arbi t rar i ly  chosen and whose d i r ec t ion  
The loca t ion  vector  can also be 
r = r  + r  + L ~  ( 2 )  - -x -y 
.i 
where loca te s  any atom i n  the  pos i t ive  oc tan t  of a r e c t i l i n e a r  coordinate 
system. But only spec i f i c  values of 3, 3, and 'z e x i s t  f o r  a given crys- 
t a l  s t ruc tu re ,  and these  values are spec i f ied  by t h e  se l ec t ion  ru l e s  given i n  
t h e  following section. 
Select ion R u l e s  
For f ace-centered- cubic s t ructures ,  
where 
z n x + ~ n y + ~ n z  1 1 1 = n o  
where, f o r  a l l  s t ruc tures ,  n i  equals any in t ege r  from zero the  l i m i t  of 
MIuI, M I X I ,  or MIXI, depending on the  respect ive axis,  and no equals any in- 
teger .  
Two se l ec t ion  rules a r e  required f o r  each of t h e  other  s t ruc tures  i n  order  
t o  loca t e  a l l  atoms i n  the  l a t t i c e .  For example, i n  t he  body-centered cubic 
s t ructures ,  t he  A se lec t ion  rule loca te s  u n i t  c e l l  corners, and the  B se l ec t ion  
r u l e  loca t e s  the  body-centered-cubic atoms. 
For the  body-centered-cubic s t ructures ,  
-Y r = n $  
zZ = nzk A 
where 
nx + ny + n, = no 
6 
- I  
where 
r = (++ nx)i 
r 
h 
r = ($ + nz)k 
-Y 
(+ + nx) + (+ + nJ + (+ + nz) = 5 + no 3 
-X 
,Z 
I n  the diamond and sodium chloride s t ructures ,  t he  A and B type solut ions 
a re  tagged so tha t  a l l  ca lcu la t ions  and p l o t s  can be appl ied t o  both  elemental- 
c r y s t a l s  (e.g., germanium), where A and B types are not dis t inguishable ,  and 
compound c r y s t a l s  (e.g., zinc sulfide), where A and B types represent  zinc and 
sulfur ,  respect ively.  
For t he  diamond and zinc-blende s t ructures ,  
s=zynyj 
l h  r = - n k  -z 2 z ‘1 
where 
1 1 1 T nx + 5 5 + T nz = no 
where 
3 = z +  no n, + - + 2 ny + - + 2 n, 1 1  1 1  1 1  - + 4 4 4 
For t he  sodium chlor ide s t ructures ,  
7 
7 5 = -  nx? 
' where 
' Z n X + ~ n y + ~ n z  1 1 1 = n o
where 
-Y r = (g ny)j 
-Z r = ($ n,)k 
=z+ no n y +  - 2 n, 
h 
1 1 1 1 
5 n,+ 
I n  order t o  l o c a t e  a l l  atoms e x i s t i n g  on t h e  plane given by equation ( 2 )  
n, ny, and nZ, wi th in  t h e  p o s i t i v e  oc t an t  spec i f i ed  by t h e  upper l i m i t s  on 
s e t  p a r a l l e l  components of equation (1.3) and (2 )  equal a f t e r  t h e  proper selec- 
t i o n  r u l e  has been i n s e r t e d  i n t o  equation ( 2 ) .  
For any given no and f o r  any combination of two components (e.g., nx 
ny) only one value of t h e  t h i r d  component (n,) w i l l  e x i s t  as a solut ion.  and 
This method w i l l  work on planes wi th  a zero index only if one of t h e  f i rs t  two 
r e c t i l i n e a r  components chosen i s  along %e a x i s  t h a t  i s  p a r a l l e l  t o  t h e  plane. 
- 
Since i n  a l l  cases s and t w i l l  appear as f r a c t i o n s  of AB and E, 
respec t ive ly ,  they  must be mul t ip l i ed  by t h e  absolu te  l eng th  of t h e  respec t ive  
l i n e  t o  be put i n t o  terms of t h e  l a t t i c e  parameter ao: 
(3.1) 
S '  = sM(u' + v2) 112 
I n  t h e  zero-index case, 
s r  = sM(u2 + v2) 1 / 2  ( 3 . 3 )  
t '  = t w M  (3.4) 
8 
where S I  and t '  are coordinates (not  necessar i ly  perpendicular) of t he  sur- 
f ace  plane i n  u n i t s  of ao. Solut ions a r e . p l o t t e d  after transforming from 
S I -  and t ' -coordinates  i n t o  an orthogonal pos i t i ve  X,Y-coordinate system (see 
f ig s .  1 t o  116):  
Y = s * ( s i n  0 )  ( 3 . 5 )  
where 8 i s  the  angle between S I  and t', and 
( 3 . 7 )  
SURFACE DENSITY 
The surface densi ty  i s  ca lcu la ted  from t h e  loca t ions  of t h e  surface solu- 
t i o n s  (atoms) by counting a l l  so lu t ions  (1/2 f o r  the  sum of t h e  three  t r i a n g l e  
vertexes,  1/4 f o r  each rectangle  corner, 1/2 f o r  each so lu t ion  ly ing  on the  
perimeter of t he  plot ,  and 1 f o r  each of the  remaining so lu t ions)  and dividing 
by the  a rea  of the  surfac: plane: 
solut ions within p l o t  
a rea  of p l o t  i n  u n i t s  of 
P, = 
a: 
Since the  volume densi ty  f o r  face-centered-cubic s t ruc tu res  i s  
4 
P, = - 
"0 
3 
f o r  body-centered-cubic s t ruc tu res  i s  
2 
a 
P, .= - 3 
0 
and f o r  the  sodium chlor ide s t ruc tu res  i s  
8 - -  
p,- 3 
"0 
d can be calculated.  For the  face-centered-cubic s t ruc tures ,  
f o r  t he  body-centered-cubic s t ruc tures ,  
9 
, , , . , , , , .. ._ . - . . - 
PS Id1 = -  
2 
and f o r  t h e  sodium chlor ide  s t ruc tu res ,  
Since t h e  diamond s t r u c t u r e  i s  not f u l l y  packed, d f ps/pv, another method must 
be used t o  f i n d  d. Assume a simple cubic s t r u c t u r e  wi th  l a t t i c e  constant 
equal t o  (1/4)a0. 
s t ruc tu re .  Thus, d f o r  t h e  diamond s t r u c t u r e  must be equal to ,  or be an  in- 
t e g r a l  mul t ip le  of, d f o r  t h e  hypothe t ica l  simple cubic s t ruc tu re .  Therefore, 
This s t r u c t u r e  w i l l  ‘account f o r  a l l  atoms on t h e  diamond 
nd 
Id1 = 1 / 2  
4(h2 + k2 + Z 2 )  
where nd may be 1, 2, o r  3. Multiples of d a r e  t e s t e d  i n  equations (1) 
and ( 2 )  u n t i l  s o l u t i o n s  a r e  found t o  e x i s t .  The nd necessary t o  go between 
t h e  sur face  and any o the r  plane i s  recorded i n  t a b l e  V I .  
Subsequent Planes 
The so lu t ion  f o r  t h e  plane immediately ad jacent  t o  t h e  surface may be ob- 
t a i n e d  by adding d t o  equation (1.3). Then, d can be f ac to red  i n t o  x-, y-, 
and z-components b? using t h e  respec t ive  d i rec tyon  cosines, o r  
P a r a l l e l  components of d and equation (1.3) a r e  added, and the  r e s u l t i n g  
equation i s  solved simultaneoGsly wi th  equat ion ( 2 ) ,  t o  ob ta in  t h e  l o c a t i o n  of 
so lu t ions  on t h e  plane immediately beneath t h e  sur face  i n  coordinates of t h e  
surface.  Subsequent planes a r e  obtained by adding d again t o  equation (1.3) 
f o r  each plane and solving f o r  r. 
oc tan t  i s  known with respec t  t o  t h e  surface plane and i t s  coordinates 
and Y. 
The l o c a t i o n  of all atoms i n  t h e  p o s i t i v e  
X 
Surface atom l o c a t i o n s  and loca t ions  of atoms on a few subsequent planes 
a r e  p l o t t e d  ( a f t e r  transforming t h e  coordinates from s r  and t ’  t o  X and 
and Y) and an orthographic p ro jec t ion  of t h e  c r y s t a l  surface r e s u l t s .  O f  
course, t h e  symmetry of each plane i s  exac t ly  t h e  same (not  necessa r i ly  i n  dia- 
mond), bu t  each plane i s  d isp laced  from t h e  one above it by a displacement vec- 
t o r  V i n  t h e  x,y-plane. 
ford a c l e a r  r ep resen ta t ion  of t he  immediate sur face  v i c i n i t y  while an i n f i n i t e  
number of subsequent planes can be e a s i l y  ex t rapola ted .  
Only t h r e e  t o  f i v e  planes need t o  be p l o t t e d  t o  af- 
10 
Surface Coordination Numbers 
Though only a few planes a r e  p lo t ted ,  a l l  atom loca t ions  down t o  the  
plane a r e  r e t a ined  i n  t h e  computer memory f o r  f u r t h e r  calculat ions;  [i] i s  t h e  
g r e a t e s t  i n t ege r  funct ion.  A t y p i c a l  so lu t ion  i s  chosen a t  or near the  cen- 
t r o i d  of t h e  o r i g i n a l  surface p lo t ,  and t h e  d is tance  R f r o m t h i s  t y p i c a l  sur- 
f ace  atom t o  any o the r  atom i s  known by 
where and Yo a r e  the  coordinates  of t h e  chosen atom, X and Y of a l l  
so lu t ions  a r e  i n  storage,  subscr ip t  i r e f e r s  t o  any given atom, and I indi-  
ca t e s  t h e  plane i n  which t h e  atom e x i s t s  (e.g., f o r  surface, I = 0; f o r  
plane next t o  surface,  I = 1, e t c . ) .  
ith 
If R i s  s e t  equal t o  t h e  neares t  neighbor d is tance  i n  u n i t s  of a. 
CN1 
Similar ly ,  R 
(l/a f o r  face-centered cubic, d / Z  f o r  body-centered cubic, */4 f o r  
diamond, and 1/2 f o r  sodium chlor ide) ,  t he  f i rs t  coordinat ion number 
be obtained by summing t h e  so lu t ions  t h a t  s a t i s f y  equation ( 7 ) .  
i s  s e t  equal t o  t h e  next neares t  neighbor d is tance  (1 f o r  both face-centered 
cubic and body-centered cubic, and 4 / 2  f o r  both diamond and sodium chlor ide)  
and by s m i n g  t h e  number of so lu t ions  t o  equation ( 7 ) ,  t he  second coordinat ion 
number CN2 i s  obtained. For diamond, CN1 represents  t he  number of remaining 
t e t r a h e d r a l  bonds. For zinc blende and sodium chloride,  where type A and B 
atoms a r e  d is t inguishable ,  C N 1  represents  t h e  number of opposite type atoms 
l e f t  touching t h e  chosen surface atom. I n  t h e  last  two cases, CN2 represents  
t h e  number of neares t  neighbors t o  a surface atom of t h e  same type. The plane 
i n  which each of t he  neighbors e x i s t s  i s  a l so  ind ica ted  i n  t a b l e s  I1 t o  V. 
The smallest  d i s tance  between any two atoms of t h e  same type on a given plane 




The displacement vec tor  V, which can be drawn from any known atom loca- 
t i o n  t o  t h e  loca t ion  of t he  neares t  atom i n  t h e  very next plane ( i n t o  t h e  crys- 
t a l ) ,  i s  ca lcu la ted  by the  following equation: 
where and Yo a r e  t h e  coordinates  of a chosen atom i n  t h e  surface plane, 
and X1 and Y1 a r e  t h e  coordinates  of t h e  nea res t  atom i n  t h e  subsequent 
plane. The values f o r  X(V) ,  Y(V), and T/a a r e  t abu la t ed  so t h a t  t he  p l o t  of 
atom loca t ions  m a 2  be ex t rapola ted  t o  any ex ten t  desired.  For diamond and 
sodium chlor ide,  V/a 
t h e  c l o s e s t  atom of t h e  same type on t h e  next plane down t h a t  contains  t h e  
chosen type. 
i s  def ined as the  vector  connecting a surface atom and 
11 
P l o t t i n g  




Every ca l cu la t ion  made from the  o r i g i n a l  
To ensure accurate  computation of coordination numbers and surface densi- 
t i e s ,  t h e  o r i g i n a l  output p l o t  w a s  allowed t o  extend t o  as much as 40 by 30 
units. Since all these  so lu t ions  are not necessary t o  p l o t  a representat ive 
p ic ture  of t he  surface, only representa t ive  por t ions  of t h e  o r ig ina l  p l o t  a r e  
presented, t h a t  is, a s u f f i c i e n t  number of so lu t ion  poin ts  t o  show quantita- 
t ively how t h e  geometry of each plane i s  repeated i n  t h e  plane of the  paper and 
how each plane i s  displaced by the  same vector  (not necessar i ly  i n  diamond) 
from t h e  plane immediately above it. 
12 
SYMBOLS 
A,B,C po in ts  of plane-axis in te rcept ion  for x-,. y-, and z-axes, respec- 
t i v e l y  
a0 l a t t i c e  constant 
C N 1  number of nearest  neighbors, t a b l e s  I1 t o  V 
CN2 number of next nearest  neighbors, tables I1 t o  V 
d .perpendicular d i s tance  between immediately adjacent planes of atoms, 
t a b l e  I 
h,k, 2 Mil le r  indices  
h h h  
1, J ,k  u n i t  vec tors  i n  x-, y-, and z-direct ions 
M f a c t o r  f o r  expanding plane a reas  
f o r  diamond and zinc blende only, mult iple  of d ( t ab le  I) giving 
t r u e  dis tance between surface and ex i s t ing  planes, t a b l e  V I  
i n t e g r a l  values of sum of n, ny, and nz t h a t  fol low se l ec t ion  no 
r u l e  f o r  respec t ive  s t ruc tu re  
nx,ny,nz i n t e g r a l  values of a. i n  x-, y-, and z-directions,  respec t ive ly  
R dis tance from surface atom t o  any o ther  atom i n  c r y s t a l  
- r loca t ion  vector  of plane 
S vector  l oca t ing  nearest  atom t o  any atom of same type on same plane, 
t a b l e  I 
- 
s , t  f r a c t i o n a l  length  of AB and E, respec t ive ly  
s*,tT length of s and t i n  terms of a. 
-3 u v w  -9 - loca t ion  vec tors  of x-, y-, and z-intercepts,  respect ively,  of 
5 
given plane 
vector  which if drawn from any known atom loca t ion  w i l l  l oca t e  ( i n  
x,y-plane) an atom of same type on plane immediately below it, 
t a b l e  I 
x,y coordinates of surface plane, f igs .  1 t o  116 
X,Y, z coordinates i n  sketch ( a )  
13 
- 
X-component of V, table I 
Y-component of V, table I 
angle between s r  and t' 




TABLE I. - SURFACE PARAMETERS 
Structure  
F C C  
FCC 
F C C  
F C C  
F C C  
FCC 
F C C  
F C C  
FCC 
F C C  
F C C  
F C C  
FCC 
F C C  
F C C  
F C C  
FCC 
F C C  
F C C  
F C C  
F C C  
F C C  
F C C  
FCC 
FCC 
F C C  
F C C  
F C C  
F C C  
F C C  
F CC 
F C C  
F C C  
F C C  





































n c c  




1 1 1  
210 
2 1 1  


















5 1 1  
540 
554 












1 1 1  
2 10 
2 1 1  
2 2  1 
310 
320 
3 1 1  
3 2  1 
3 2 2  
3 3 1  











5 1 1  
540 
5 54 
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TABLE I. - Concluded. - SURFACE PARAMETERS 
























D I A .  
D I A .  
O I A .  
O I A .  
D I A .  
O I A .  
D I A .  
D I A .  
D I A .  
O I A .  
D I A .  
D I A .  
D IA.  
DIA. 
D I A .  
DIA. 
DIA. 
D I A .  
014. 
D I A .  
oia.  









2 1 1  
2 2 1  
3 10 
3 20 
3 1 1  
3 2 1  
322 
3 32 
3 3  1 
4 10 
4 30 
4 1 1  
4 2 1  




4 4 1  
100 
1 IO 




































0.970 1 4  
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0.701 8 9  
1.57074 




















































































TABI;E 11. - ItOCATION OF 'NEAREST NEIGHBOR 
FOR FACE-cEXWZED-C-mIC STRUCTWE 
(a) Nearest neighbor distance, 0- 707107 





















































































































































































TABLE 11. - Concluded. LOCAmON O F  rJExill NEXREST NEIGHBOR 
FOR FACE-CENICERED-CUBIC STRWTURE 
(b) Next neares t  neighbor distance, 1,00000 
Plane 
hk2 








































































7 71 I 
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TABU2 111. - LOCATION OF NEAREST NEIGHBOR FOR BODY-CENTERED-CLIBIC STRUC- 






































7 7 1  




































































































































































































TABI;E 111.- Concluded. LOCATION OF NEXT NEAREST XEIGHBOR 
FOR BODY---CUBIC STRUC- 
(b) Next nearest neighbor distance,  1- 00000 
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TABLE I V .  - L O C A T I O N  OF NEAREST AND NEXT NEAREST NEIGHBORS 
FOR SODIUM CHLORIDE STRUCTURE 





































































exis t ,  counting from sur face  
( b )  Next neares t  neighbor d is tance ,  0.707107 
21 
TABLE V. - LOCATION O F  NEAREST AND NEXT NEAREST NEIGHBORS 
FOR DIAMOND STRUCTURE 
( a )  Nearest  neighbor d is tance ,  0.433013 
__i 
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Figure 1. - Face-centered-cubic 
s t ruc ture ;  100 plane. 
Figure 3. - Face-centered-cubic s t ruc ture ;  
111 plane. 
Figure 2. - Face-centered-cubic s t ruc ture ;  
110 plane. 
Figure 4. - Face-centered-cubic s t ruc ture ;  
210 plane. 
-'I- 
Figure 5. - Face-centered-cubic s t ructure;  211 plane. Figure 6. - Face-centered-cubic s t ructure;  221 plane. 
.4 -I A -  
GI + h - +  
-Q- 8 ;  
Figure 7. - Face-centered-cubic s t ructure;  
310 plane. Figure 8. - Face-centered-cubic s t ructure;  320 plane. 
N cn 
Figure 9. - Face-centered-cubic s t ruc tu re ;  
311 plane. 
Figure 10. - Face-centered-cubic s t ruc ture ;  3 2 1  plane. 
Figure 12 .  - Face-centered-cubic s t ructure;  331 plane. 
Figure 13. - Face-centered-cubic s t ruc ture ;  332 plane. 
Figure 14. - Face-centered-cubic s t ruc ture ;  410 plane. 




Figure 18. - Face-centered-cubic structure; 431 plane. 
Figure 19 .  - Face-centered-cubic s t ructure;  432 plane. 
Figure 20. - Face-centered-cubic s t ructure;  433 plane. 
crl 
N 
Figure 22. - Face-centered-cubic s t ruc tu re ;  441 plane. 
Figure 23. - Face-centered-cubic s t ructure;  510 plane. 
Figure 24. - Face-centered-cubic s t ructure;  511 plane. 
w w 
Figure 25. - Face-centered-cubic s t ruc ture ;  540 plane. 
Figure 26. - Face-centered-cubic s t ruc ture ;  554 plane. 
Figure 28. - Face-centered-cubic s t ructure;  543 plane. 
Figure 29. - Face-centered-cubic s t ruc ture ;  610 plane. 
~. . . . .  . 
Figure 30. - Face-centered-cubic s t ruc ture ;  611  plane. 
Figure 31. - Face-centered-cubic s t ructure;  650 plane. 
Figure 32. - Face-centered-cubic s t ructure;  665 plane. 
Figure 33. - Face-centered-cubic s t ruc ture ;  661 plane. 
Figure 34. - Face-centered-cubic s t ruc ture ;  654 plane. 
Figure 35. - Face-centered-cubic structurej 711 plane. 
tP 
0 
Figure 31. - Body-centered-cubic 
structure; 100 plane. 
_ _  ........ 
Figure 39. - Body-centered-cubic structure; 
111 plane. 
Figure 38. - Body-centered-cubic 
structure; 110 plane. 
I 
......... - . . . . . . .  
-~ . . . . . . . . . . . . . . . . . . .  . .  -
Figure 40. - Body-centered-cubic structure; 210 plane. 






Figure 41. - Body-centered-cubic s t ructure;  2 1 1  plane. Figure 42. - Body-centered-cubic s t ructure;  221 plane. 
Figure 43. - Body-centered-cubic s t ructure;  310 plane. 
Figure 44. - Body-centered-cubic s t ruc ture ;  320 plane.  
\ 
Figure 45. - Body-centered-cubic s t ruc ture ;  3l.l plane. 
Figure 46. - Body-centered-cubic s t ruc ture ;  321  plane. 
Figure 47. - Body-centered-cubic structure;  322 plane. 
- 1: 
Figure 48. - Body-centered-cubic s t ruc ture ;  331 plane. 
Figure 49. - Body-centered-cubic s t ruc ture ;  332 plane. 




Figure 50. - Body-centered-cubic s t ructure;  410 plane. 
\I 
5.c- I 
Figure 51. - Body-centered-cubic s t ructure;  430 plane. 
Figure 52. - Body-centered-cubic s t ruc ture ;  411 
plane. 
Figure 53. - Body-centered-cubic s t ruc ture ;  421 plane. 
Figure 54. - Body-centered-cubic structure; 431 plane. 
Figure 55. - Body-centered-cubic structure; 432 plane. 
Figure 56. - Body-centered-cubic s t ruc tu re ;  433 plane. 
F igure  57. - Body-centered-cubic s t ruc tu re ;  443 plane. 
Figure 56. - Body-centered-cubic s t ructure;  441 plane. 
P co 
Figure 59. - Body-centered-cubic s t ructure;  510 plane. 
UI 
0 
Figure 60. - Body-centered-cubic s t ruc tu re ;  511 plane. 
Figure 61. - Body-centered-cubic s t ruc ture ;  540 plane. 
Figure 62. Body-c ent ered-cub i c  s t ructure;  554 plane. 
Figure 63. - Body-centered-cubic s t ructure;  551 plane. 
ur 
N 
Figure 64. - Body-centered-cubic s t ruc ture ;  543 plane. 
Figure 65. - Body-centered-cubic s t ruc ture ;  610 plane. 
L 
Figure 66. - Body-centered-cubic s t ructure;  611  plane. 
Figure 67. - Body-centered-cubic s t ructure;  650 plane. 
Figure 6%. - Body-centered-cubic s t ruc ture ;  665 plane. 
.. - .  . . . . . . - . . . . . . . . . . .- ~ I. 
Figure 70. - Bo3y-centered-cubic s t ruc ture ;  654 plane. 
Figure 71. - Body-centered-cubic s t ruc ture ;  7IL plane. 
Figure 72. - Body-centered-cubic s t ruc ture ;  7 7 1  plane. 
Figure 73. - Sodium chlor ide  
s t ruc ture ;  100 plane. 
Figure 74. - So?.ium chlor ide  s t ruc ture ;  110 plane. 
Figure 75. - Sodium chlor ide s t ructure;  111 plane. 
5*g1 . . ~ ~ - -  - -  
* I  
Figure 76. - So?ium chlor ide s t ructure;  210 plane. 
Figure 78. - Sodium chlor ide s t ructure;  221  plane.  Figure 77. - Sodium chlor ide s t ruc ture ;  2 1 1  
plane. 
- +--TkF+m~-%-?u-* -.$- 
Figure 79. - Sodium chlor ide  s t ruc ture ;  310 plane. 
Figure 80.. - Sodium chlor ide  s t ruc ture ;  320 plane. 
Figure 81. - Sodium chlor ide s t ructure;  311 plane. 
Figure 82. - Sodium chlor ide s t ructure;  3 2 1  plane. 
Figure 83. - Sodium chlor ide  s t ruc ture ;  322 plane.  
Figure 84. - Sodium chlor ide  s t ruc ture ;  332 plane. 
Awn Plane 
' W o  I 2  3 4 
Figure 86. - Sodim chlor ide  structure;  410 plane. 
Figure 87. - Sodium chlor ide  s t ruc ture ;  430 plane. 
Figure 88. - Solium chlor ide  s t ruc ture ;  411 plane. 
Figure 89. - SoAium chlor ide s t ruc ture ;  421 plane. 
\I - -  
I -  1 . _: . . -  
Figure 90. - Soclium chlor ide s t ructure;  431 plane. 
Figure 91. - Sodium chlor ide  s t ruc ture ;  432 plane. 
I t I I I I . I I . , I I I 1 .  I I I I I I I 1 ' I I I I I . i  I I ~ , I . ,  I I I I I, - I  I 
Figure 94. - Sodium chloride s t ruc ture ;  441 plane. 
I .J 
Figure 96. - Diamond s t ruc ture ;  110 plane. 
~ & ~ ~ h ~ ~ L + ~ - k -  1. 
Figure 97. - Diamond s t ruc ture ;  111 plane. 
. - ..-  - - 
Figure 98. - Diamond s t ructure;  210 plane. 
\I 5.Q- ._ . ~ ,  ~ ~ .. ~~ 
- ~ -- -~ - 
-- ~ 
Figure 99. - Diamond s t ructure;  2 1 1  plane. 
Figure 103. - Diamond s t ruc tu re ;  311 plane. 
Figure 104. - Diamond s t ructure;  321 plane. 
Figure 105. - Diamond s t ructure;  322 plane. 
I 
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Figure 106. - Diamond s t ruc tu re ;  332 plane. 
7 
Figure 108. - Diamond s t ruc ture ;  410 plane. 




Figure 113. - Diamond structure;  432 plane. 
Figure 114. - Diamond s t ructure;  433 plane. 
Figure 115. - Diamond s t ructure;  443 plane. 
____ 
Figure 116. - Diamond structure; 441 plene. 
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